Normal human erythrocytes have a lifespan of -z120 days, at the end of which time they are removed from circulation (1) . A main site for the removal of erythrocytes is the spleen, where erythrocytes with abnormal shape or with rigid inclusion bodies cannot pass through the narrow slit pores located between the endothelial cells of the sinus vessels (2, 3) . We have previously shown that the sinus endothelial cells are supplied with a well-developed contractile apparatus, which is probably important for this mechanical sorting process (4, 5) . After removal of the spleen, the peripheral blood is characterized by the occurrence of a population of abnormal erythrocytes containing precipitates of hemoglobin (termed Heinz bodies). However, splenectomy does not interfere with the normal turnover of erythrocytes. Thus, a further mechanism must exist that is able to distinguish between mature and senescent erythrocytes. Evidence for age-related changes include increase in the density ofold erythrocytes (6, 7) , reduction in the concentration of phospholipids and cholesterol (8, 9) , reduction in sialic acid residues (10-12), or reduction in the level of some intracellular metabolites and enzymes (13) . However, none of these changes has been demonstrated to cause specific removal of erythrocytes. On the other hand, there is good evidence that naturally occurring autoantibodies bind to the surface of senescent erythrocytes (14) (15) (16) (17) and promote their phagocytosis by macrophages (14) . A major fraction of the autoantibodies bound to the surface of senescent erythrocytes has been shown to be directed to the external domain of the anion channel, band 3 (17) (18) (19) (20) .
The changes ofthe anion channel responsible for enhanced autoantibody binding in senescent erythrocytes are under active investigation. While Kay et al. (20) suggest that the breakdown of the anion channel to a 65-kDa fragment is important for autoantibody binding, we have previously performed experiments indicating that aggregation of the anion channel into clusters might serve as a recognition signal for antibody binding (21) . Assuming that the exterior poles of the anion channel are sterically too far apart to allow the autoantibodies to bind bivalently, clustering of band 3 by any mechanism will enhance autoantibody binding by more than 3 orders of magnitude (21, 22) . In addition to these thermodynamic aspects of band 3 clustering, there is experimental evidence that a clustered arrangement of surface-bound immunoglobulin molecules (IgG) is an important signal for cell-mediated cytolysis of erythrocytes (23) .
One way by which the anion channel could be brought into clusters would be by association of its cytoplasmic domain with precipitates of hemoglobin. In fact, it has been demonstrated that the cytoplasmic domain of the anion channel serves as a binding site for hemoglobin (24, 25) . Deoxygenized and denatured hemoglobin has a much higher affinity for the cytoplasmic domain than oxygenized hemoglobin (25, 26) . Since old erythrocytes are known to possess increased amounts of membrane-bound hemoglobin (27, 28) , it is conceivable that the attached precipitates of hemoglobin crosslink the anion channel into clusters. These clusters of band 3 may provide the recognition site for the circulating autoantibodies in serum. Thus, erythrocytes may be removed from circulation when they begin to fail in their main function of oxygen transport.
To further test this possibility, we now have examined erythrocytes from individuals after removal of the spleen and from patients suffering from various forms of mutant hemoglobin. A number of these mutant hemoglobins are unstable and tend to precipitate into Heinz bodies, which stick to the inside of the membrane (29) . We report here that the surface of Heinz body-containing erythrocytes is loaded with increased amounts of IgGs. Importantly, there is a high degree of coincidence between the location of membrane-bound Heinz bodies, clusters of band 3, and surface-bound IgG. Immunoblot analysis identified the major component of these autoantibodies to be directed to band 3. These observations may help to understand the mechanism by which old and abnormal erythrocytes are removed from circulation. After centrifugation in a Beckman Microfuge at 10,000 x g for 10 min, the tubes were frozen in liquid nitrogen. The tips of the tubes containing the frozen cell pellet were cut and counted in a Beckman y 300 Counter. The radioactivity in the supernatant above the pellet (50 ,ul) was also routinely cut and counted. In all cases, the supernatant above the pellet contained <5% of the counts of the pellet. This with afflinity-purified antibodies to the cytoplasmic domain of human band 3 (30) . After three washes with PBS-BSA (three times, 10 min each) the bound anti-band 3 IgG was labeled with RITC-or FITC-labeled goat antibodies to rabbit IgG (30 min at 21°C, diluted 1:30 in PBS-BSA). After three final washes with PBS-BSA, smears were mounted with coverslips in 50% (vol/vol) glycerol in PBS containing 1.5% n-propyl gallate. Photographs were taken with a Tri x-pan film (400 ASA, Kodak) using a Zeiss Universal photomicroscope equipped with epifluorescence and appropriate filter combinations for the selective visualization, of RITC and FITC fluorescence.
Immunoblot Analysis of Cell-Bound IgG. Packed erythrocytes (130 ml) of pooled blood from five patients with sickle cell anemia, two patients with hemoglobin-Koln disease, and four patients with unstable hemoglobin (unknown defect) were washed five times in a 10-fold volume in PBS. Blood from four healthy donors was used in the control. A 50% suspension of the washed cells was incubated in a shaking water bath at 47°C for 30 min to elute surface-bound immunoglobulins exactly as described (16). The cells were then hemolyzed in 5 mM NaPi buffer (pH 8.0) and washed until white ghosts were obtained. The ghosts were treated with 0.2 M glycine'HCl (pH 2.5) for 15 min to elute the more tightly bound immunoglobulins. The ghosts were spun down at 40,000 x g and the supernatant was made pH 7.0 with 0.1 M NaOH. The immunoglobulin-containing supernatants eluted by heat and pH 2.5 were pooled and the immunoglobulins were precipitated overnight with 50% ammonium sulfate. The precipitated proteins were suspended in 2 ml of H20 and dialyzed against PBS for 2 days at 4°C. Immunoblot analysis was performed by using human erythrocyte ghosts separated by NaDodSO4/10% PAGE, and transferred to nitrocellulose paper. A 0.5-cm broad strip of the nitrocellulose paper was incubated for 1 hr at 24°C and for 20 hr at 4°C with the eluted surface-bound immunoglobulins (2 ml). The bound IgG was visualized with horseradish peroxidase-labeled goat antihuman IgG at a dilution of 1:100 in PBS (30) . All washing steps were done with PBS containing 0.5% Tween 20 and 1% BSA. (Fig. 1) . No antibody label was detected in association with the 60-to 65-kDa fragment of band 3. However, this fragment was clearly labeled with polyclonal rabbit antibodies to human band 3 (Fig. 1) , showing that the fragment was present in the membrane preparation used but obviously did not contain the epitope recognized by the cell-bound autoantibodies. Several attempts to identify cell-bound IgG eluted from <80 ml of packed cells of patients with sickle cell and Heinz body anemia failed. Erythrocytes from controls (150 ml of packed cells) also did not contain any detectable surface-bound IgG directed to band 3 or any other protein of the erythrocyte membrane. The quantity of antibody eluted was probably below the level that allows the detection by the immunoblot technique.
RESULTS
Immunofluorescence. In all cases of Heinz body formation examined-i.e., splenectomy, many cases of sickle cell anemia, sickle cell disease (Hb C-S), and various forms of unstable hemoglobin-the majority of membrane-attached Heinz bodies were associated with a strong immunostaining specific for band 3 (Figs. 2 and 3 ). The band 3-like fluorescence was considerably stronger at these membrane sites than along the remaining area of the membrane. No immunostaining was seen when the antibody to band 3 was previously absorbed with an excess of band 3 or when the cells were incubated with the second (FITC-or RITClabeled) antibody alone (Fig. 4) unknown structural defect) examined. These cases were not further analyzed by immunofluorescence. However, many of the cases of unstable hemoglobins, sickle cell anemia, sickle cell disease (Hb C-S), and the cells of all splenectomized patients did not show any significant autofluorescence of the Heinz bodies and thus allowed immunocytochemical localization of band 3 and cell-bound IgG.
Simultaneous visualization of cell-bound autoantibodies and band 3 showed a high degree of coincidence of the surface-bound IgG with membrane-attached Heinz bodies and with band 3 clusters (Figs. 2 and 3) . Heinz bodies that were not attached to the membrane (as identified by Brownian motion) were never associated with either enhanced staining for band 3 or surface-bound human IgG. A certain number of Heinz bodies that appeared attached to the membrane were also not associated with clusters of band 3 and human IgG. Moreover, as a rule, a certain percentage of Heinz bodies that were associated with clusters of band 3 did not show enhanced staining for human IgG. The reversei.e., Heinz bodies associated with human IgG but not with clusters of band 3-was never observed.
DISCUSSION
Aggregates of denatured hemoglobin, termed Heinz bodies, tend to attach to the cytoplasmic surface of the erythrocyte membrane (29) . Heinz bodies are frequently found in erythrocytes Lontaining unstable forms of hemoglobin (29, 32, 33) . The occurrence of Heinz bodies in a fraction of erythrocytes of healthy subjects after splenectomy (34) as well as the observation that precipitates ofhemoglobin are also observed in aged cells (27, 28) imply that hemoglobin precipitates might play a role in senescent cell recognition.
In a previous experimental approach, we showed that phenylhydrazine-promoted Heinz body formation in vitro leads to enhanced binding of autologous IgG to the erythrocyte membrane (21) . A careful immunoblot analysis of the protein specificity of the bound antibodies revealed IgG directed to the cytoskeletal proteins a-and P-spectrin and to band 4.2 to be the predominant membrane-associated immunoglobulins (unpublished observations). Lutz and Wipf have shown that autoantibodies to spectrin and band 4.2 are naturally occurring components in human serum (35) . Since phenylhydrazine treatment in vitro caused mild hemolysis, it is most likely that autoantibodies to spectrin and band 4. overcome such problems of unspecific side effects of drug treatment in vitro, the present study was performed to examine erythrocytes in which hemoglobin precipitates have formed in vivo.
In this study, we obtained evidence in several patients with unstable hemoglobin that the majority of membrane-attached Heinz bodies is associated with clusters of band 3 and surface-bound IgG. In view of the aforementioned possible role of denatured hemoglobin in erythrocyte aging, these observations imply copolymerization of denatured hemoglobin with the cytoplasmic domain of band 3. This may cause band 3 to form clusters (indicated by the enhanced intensity of immunostaining), which in turn may allow autoantibodies in antiserum to bind bivalently to the exterior poles of band 3 (Fig. 5) . In fact, our immunoblot analysis of pooled blood from patients with unstable hemoglobin demonstrates that band 3 is a major antigenic determinant for autoantibody binding. Brandts 4. Control to the same blood sample as shown in Fig. 3 . Cells were incubated with the second antibody alone (mixture of rhodamine-and fluorescein-labeled goat anti-rabbit IgG). Photographs were double exposed first with rhodamine optics and then with fluorescein optics (A) . No staining at all is seen in association with Heinz bodies visualized by phase-contrast microscopy in B. (Bar = 5 Am.)
Although there was a significant increase in the amount of surface-bound IgG in =75% of the cases examined in this and in a previous (31) study, the increase appears to be rather low as compared to these theoretical calculations. However, it must be considered that the antibody load of the majority of erythrocytes that remain in circulation must be below the critical level that stimulates elimination by macrophages or by other immunological mechanisms.
Assuming (36, 37) . Hemoglobin precipitation, rather than oxidative events, seems to be the main reason responsible for enhanced cell fragility (38) . It is conceivable that cell fragility Proc. Natl. Acad. Sci. USA 83 (1986) 6141 is a direct consequence of co-clustering between Heinz bodies and band 3, which could cause mechanical strain within the membrane. As band 3 is the main attachment site for the spectrin-based membrane cytoskeleton to the lipid bilayer (for review, see ref. 39) , any changes in the lateral distribution of band 3 might cause local disintegration of the three-dimensional construction of the actin-spectrin web, which finally could lead to hemolysis.
